Six nod box regulatory sequences are present in the Rhizobium meliloti genome. We have analysed the DNA region located downstream of nod box n6, and identified three open reading frames, designated no&&, nolQb and nolS. LucZ fusions in these ORFs are not induced by classical nod gene inducers, which indicates that their expression either is not under the control of the nod box, or involves another regulatory mechanism acting in conjunction with the NodD/nod box regulatory circuit. Mutations in this n6 locus result in a delay in nodule formation on a particular host, Medicago lupulina. As this region is not strictly conserved among different R. meliloti strains, nolea, nolQb and nolS may constitute auxiliary nodulation genes, for which the selection pressure is limited to particular host plants.
Introduction
The soil bacteria of the genera Rhizobium, Bradyrhizobium, Azorhizobium and Sinorhizobium induce on the roots or stems of legumes, the formation of nodules in which they reduce atmospheric dinitrogen into ammonium. R. meliloti has a narrow host range, and can nodulate plants of the genera Medicago, Melilotus and Trigonella. The host specificity, as well as the infection and nodulation pro-cesses, are under the control of bacterial genes called nod, no1 or noe (Fig. l) , clustered on the plasmid pSyma. Most of these genes have been shown to be involved in the production of lipo-chitooligosaccharides which act as symbiotic signals [l-3] . These signals, called Nod factors, induce on host roots the same type of responses as the corresponding Rhizobium strain, such as root hair induction and deformation, cortical cell activation and nodule formation [l-3] . The nod genes belong to the same regulon, the expression of which is induced by specific plant compounds, usually flavonoids, present in plant root exudates. These plant compounds, in conjunction with the products of the nodD regulatory genes, activate the transcription of the structural nodulation genes [2, 3] . This activation process involves the binding of NodD proteins to a highly conserved 47-bp DNA sequence, termed nod box, present in the promoter region of nodulation transcriptional units. The different NodD proteins encoded by the multiple allelic forms of nodD are able to interact with different flavonoids, and are thus involved in the control of host specificity. In R. meliloti, three copies of nodD are present, and the encoded proteins exhibit different specificities [4] .
Taking advantage of the conservation of the nod boxes in R. meliloti, Rostas et al. [5] used this conserved DNA sequence as a probe to identify potential nodulation operons. Three additional nod boxes (n4 to n6) were thus identified, which were presumed to be associated with new nodulation genes ( Fig. 1) . Indeed, an operon consisting of nodM, nolFEGH and nodN [6] has been characterised downstream of the nod box n4, and another comprising nodL and noeAB [7] downstream of the nod box n5. In this paper, we analyse the region located downstream of n6, the last remaining R. meliloti nod box to be characterised.
Questions concerning the regulation of the n6 locus and its role in the control of symbiotic properties are addressed.
Materials and methods

Microbiological techniques
Bacterial strains, plasmids and bacteriophages are described in Table 1 and Fig. 1 . Media, growth conditions for R. meliloti and Escherichia coli and the method for conjugation are described in Ardourel   Table 1 Bacteria, plasmids and transposon used in this study
Designation
Relevant characteristics et al. [7] . Antibiotics were tetracycline (10 pg ml-' ), spectinomycin C%O pug ml-'), kanamycin (25 pug ml-' ), neomycin (100 pg ml-' 1 and gentamycin (50 pug ml-').
Sequencing and DNA manipulation
Molecular biological techniques were carried out using standard procedures [8] . The nucleotide sequence of a 2.6-kb BamHI fragment of pMH93 ( Fig.  1 ) was determined on both strands, and has been deposited at the EMBL under the accession number x91350.
Mutagenesis of plasmid pGMI2036 with the transposable element Tn5-B20 [9] was performed as described by DebellC et al. [lo] . Tn.5-B20 insertions were mapped by sequencing DNA fragments containing the Tn.%B20 junction.
Recombination of Tn5-B20 insertions into the n6 region of the R. meliloti genome was performed by marker exchange [ 101. The correct location of the recombined insertions was checked by Southern hybridisation [8] . To detect the presence of DNA fragments homologous to the n6 locus, EcoRI digests of total DNA of various rhizobia strains were submitted to electrophoresis, blotted on a Hybond+ membrane (Amersham Life Sciences) and hybridised with a "'P-labelled probe consisting of a 1.4-kb HindIII/SphI fragment, in low stringency conditions b31.
Other techniques
The expression of the 1ucZ fusions, either present on the pGMI2036, or recombined into the homologous region of the symbiotic plasmid pSyma, was 
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Tn 5-B20 TnS-lacZ, transposon derived from Tn.5 carrying promoter-less reporter gene lacZ, Neo' [91 monitored by measuring &galactosidase activity according to Maillet et al. ill] . Nod factors were prepared from overproducing strains and analysed as previously described [7] . Plant cultivation and nodulation assays were performed as previously described [7] . Plants used in this work were Medicago satioa, M. littoralis, M. lupulina and Melilotus alba. Nitrogenase activity was evaluated by the acetylene reduction test. For cytological studies, seedlings of M. lupulina were inoculated with 5 X lo7 bacteria carrying the pXLGD4 plasmid [7] . Infection threads were scored on 30 plants for each strain at 10 days after inoculation.
Results and discussion
Sequence homologies
I. Nucleotide sequence qf the n6 locus of R. meliloti RCR201 I
The DNA sequence of a 2577-bp BamHI fragment including the nod box n6 and a 2.1-kb region located immediately downstream ( and 0RF3 each start with a GTG codon. Potential Shine-Dalgarno sequences are present upstream of ORF2 and ORF3. ORFl potentially encodes a protein of 81 amino acid residues (8866 Da>, ORF2 a protein of 80 residues (8604 Da), and ORF3 a protein of 90 residues (9288 Da). ORF4 (position 2 I69-2483) and 0RF5 (position 2320-2529) each presented a high coding probability (lOO%), but were mutually incompatible since they overlap (Fig. 1) . On the complementary strand, ORF6, a truncated ORF with a coding probability of 98% extends from position 2577 to 2027, and is followed by ORF7, which has a coding probability of 98% and extends from position 1965 to 1753.
Using the NCBI BLAST Network Service, we compared the amino acid (aa) sequences resulting from the translation of this DNA region in all six frames, with the proteins of the GenEMBL data bank. Homologies were detected between 0RF3 and several proteins of the data bank, including the R. meliloti Thi protein (23% identity and 47% similarity over 90 aal, involved in thiamine synthesis (PIR S39961). The translation product of 0RF6 showed significant homology with a Streptomyces coelicolor dimerase (EMBL X634.49) (32% identity, 55% similarity over 177 aa), involved in the dimerisation of an antibiotic precursor, and a Synechococcus sp. hypothetical protein (GB L19521). Because of these homologies, we consider that ORF6 has a better probability of encoding a protein than ORF4 and ORF5 which overlap this region on the complementary strand. We thus retained as potential genes ORFl, 0RF2 and ORF3, in the same orientation as the nod box, and 0RF6 and ORF7 in the opposite orientation.
The truncated ORF6 is very likely to be part of one of the stc genes, which control the catabolism of proline betaine (or stachydrine), and have been shown to be located about 2.5 kb downstream of nod box n6, and transcribed in the opposite orientation [ 131. The other putative gene in this orientation, ORF7, probably does not belong to this operon, since two potential Rho-independent transcription terminators are present between ORF6 and 0RF7.
The n6 locus can only be detected in R. meliloti
To determine whether the sequenced n6 locus is widespread in R. meliloti and in other rhizobium species, total DNA of seven R. meliloti strains from different geographical origins and of other rhizobium species [ 141 were hybridised with a probe containing ORFl, 0RF2 and ORF3 (Fig. 1) . No hybridisation signal could be detected in the R. leguminosarum group (strains 248; ANU843; CFN299), Bradyrhizobium (strains G3; ORS 1661, Azorhizobium (strain ORS5711, or in the broad host range strain Rhizobium sp. NGR234 (data not shown). In contrast, six out of the seven R. meliloti strains tested (strains RCR2011; Rm41; L5-30; 102F28; 102L4; CC20931 showed DNA bands hybridising to the n6 probe (data not shown). Thus, the n6 locus seems to be restricted to R. meliloti. In this species, however, some heterogeneity exists since this locus is absent in strain CC2017. Furthermore, in R. meliloti strain Rm41, in which the map of the already characterised nod genes is co-linear with that of RCR2011, the number and organisation of the ORFs at the n6 locus are different from those of RCR2011 (Eva Kondorosi, personal communication).
The regulation of the genes of the n6 region is atypical
In order to determine whether the expression of the potential genes of the n6 region is regulated by the NodD/nod box regulatory circuit, transcriptional fusions with the E. coli 1acZ gene were generated by mutagenising this locus with the transposable element Tn5-B20 (Fig. 1) . Various nod gene inducers were tested for their ability to induce the expression of these fusions. Since it is known that the level of induction of nod genes is much higher in the presence of extra copies of nodD [l-3] , induction assays were performed in strains carrying nodD1, nodD2 or nodD3 on plasmids. No increase of P-galactosidase activity could be detected for any of the fusions, neither when luteolin or Medicago satiua seed exudates were added to a strain carrying extra copies of nodD1 on the plasmid pMH901, nor when trigonelline or stachydrine were added to a strain carrying extra copies of nodD2 on the plasmid pMH93. Furthermore, the presence of pMH682, a plasmid carrying nodD3 and syrM, which normally results in high constitutive expression of nod genes [l-3] , had no effect on the level of expression of the fusions in the n6 locus (data not shown). For all these experiments, the control strains carrying lacZ fusions in the nodH or nodE genes [l l] were clearly induced. The classical nod gene inducers therefore appear to be ineffective at inducing the n6 region, which indicates that the expression of this locus either is not under the control of the nod box n6, or involves an additional mechanism, acting in conjunction with the NodD/nod box regulatory circuit.
Mutations in the n6 locus affect the nodulation of a particular host plant, Medicago lupulina
The symbiotic properties of strains carrying fusions l-26 and 3-28 (ORFl) and 7-10 (ORF2) in the symbiotic plasmid pSym a were tested on various R. meliloti hosts. For unknown reasons, it was not possible to recombine the insertion 3-6 (ORF3) into the pSyma. No significant reduction in the nodulation efficiency was observed on M. satica, M. littoralis or Melilotus alba with any of the strains (data not shown). In contrast, all insertions resulted in a delay in nodulation on M. lupulina ( Fig. 2A) , which was associated with a reduction in the number of nodules formed (Fig. 2B) . The Kruskal-Wallis statistical test indicated that, 11 days after inoculation, the number of nodules elicited by the mutants l-26 or 7-10 was significantly lower than in the control, at the probability level P = 0.05.
Microscopic observations were performed on M. lupulina seedlings inoculated with mutant strains carrying a constitutive hemA-1acZ fusion on the plasmid pXLGD4, to facilitate the visualisation of bacteria during the symbiotic interaction. Mutation l-26 led to an important decrease in the number of infection threads (5 infection threads per plant, 10 days after inoculation, versus 23 for the control), while this decrease was much less pronounced in the case of the insertion 7-10 (18 infection threads per plant).
We tested the possibility of a synergistic effect of the mutations in the n6 locus with mutations in the nodFE genes, which are also known to result in a decrease in the number of infection threads [l] . Double mutants carrying a mutation in the n6 locus and a deletion of nodFE were constructed and inoculated on M. lupulina. As shown in Fig. 2C . the effects of these mutations are additive, but not synergistic, suggesting that these genes influence infection thread formation by independent mechanisms.
Measuring the acetylene reduction activity of M. lupulina seedlings inoculated with strains carrying insertions l-26 or 3-28 did not reveal any effect of these mutations on nitrogen fixation ability (data not shown).
3.6. Do mutations in the n6 locus affect Nod ,factor production?
Nod factors produced by R. meliloti strains carrying mutations l-26 or 7-10 were analysed by a combination of TLC, FAB/MS techniques, and by gas chromatography to identify the nature of the fatty acid chains. No modification could be detected either in the structure, or in the amount of Nod factors produced (data not shown). However, as these genes are poorly expressed, we cannot rule out the possibility that they are involved in the synthesis of minor compounds, undetectable in our experimental conditions, but necessary for the optima1 nodulation of M. lupulina.
Does the n6 locus contain nodulation genes?
We have shown that mutations in the region downstream of the n6 nod box result in a nodulation delay on M. lupulina. However, this symbiotic defect could result either from the disruption of nodulation genes present at the n6 locus, or from an indirect effect of the Tn5-B20 insertions. One possibility could be that the transcription of the Tn_%B20 insertions prevents or affects the transcription of the adjacent stc genes, the inactivation of which does result in a nodulation delay on M. lupulina [l3]. However, the fact that a similar symbiotic phenotype was observed for Tn5-B20 insertions 1-26 and 3-28, which are both located in ORFl but in opposite orientations, rules out this hypothesis. Furthermore, these mutations do not affect the ability of the mutants to grow on stachydrine as sole carbon and nitrogen source (data not shown). We have therefore concluded that the clear and reproducible nodulation delay observed on M. lupulina results from the inactivation of ORFl or ORF2, or possibly by a polar effect, of 0RF3. We have designated ORFl as nolQa and 0RF2 as nolQb, since they correspond to a single ORF in R. meliloti strain Rm41 (Eva Kondorosi, personal communication).
Although there is no direct evidence for a role of ORF3 in the control of symbiotic properties, its location in the same orientation and close to nolQb suggests that it may be involved in the same biological process, and it has therefore been designated nolS.
Although these genes are preceded by a nod box, their regulation does not seem to be under the control of this nod box. One possible hypothesis is that, in an ancestral configuration, the nod box used to control the expression of the downstream nodulation genes, but genetic rearrangements have occurred which have led to the loss of this mode of regulation. In R. meliloti strain CC2017, these rearrangements seem to have led to the complete loss of the n6
locus. An example of such rearrangements affecting nodulation genes has been described in R. ,fredii USDA257, where a 36-bp deletion that removes the right part of a nod box is responsible for the loss of expression of the nodSU genes, and for the inability of this strain to nodulate Leucaena leucocephala [151. R. meliloti strain CC201 7, however, though lacking the n6 locus, is still able to nodulate M. lupulina (data not shown), which confirms that if the n6 genes are necessary for the optima1 nodulation of M. lupulina, their presence is not a prerequisite for the nodulation of this host.
Thus, in contrast to genes such as nodABC or nodH, which are required for the nodulation of any host plant, and are therefore conserved in all R. meliloti strains, nolQa, nolQb and nolS may be susceptible to genetic rearrangements, which suggests that they represent a class of auxiliary nodulation genes, for the presence of which the selection pressure is weak, since the selective advantage they confer is restricted to a narrow range of host plants.
